Introduction
============

The genus *Lactobacillus* constitutes a diverse group of bacteria comprising more than 200 species and subspecies^[1](#fn01){ref-type="fn"}^ that are ubiquitous and frequently found in a variety of nutrient-rich ecological niches ([@B65]; [@B74]). Lactobacilli produce lactic acid as the main end-product of carbohydrate fermentation allowing them to prevail in microbial ecosystems. This attribute along with their safety profile and their ability to shape organoleptic characteristics of the final product are the central reasons for their extensive use in artisanal or industrial food fermentations ([@B10]; [@B74]; [@B69]). Apart from food-related lactobacilli, the genus includes many commensals of the human, animal and plant microbiota ([@B15]; [@B28]). The available genomes for *Lactobacillus* species and the close phylogenetic relationship among food- and host-related strains offer a wealth of information that underpin specialized mechanisms of bacterial adaptation to different environments ([@B74]).

*Lactobacillus acidipiscis* is a salt-tolerant species originally isolated from fermented fish ([@B75]). The species has been also found in a variety of cheeses, i.e., Halloumi ([@B46]; [@B57]; [@B44]), Cotija ([@B56]), Minas ([@B64]), and double cream cheese ([@B56]; [@B55]), as well as in fermented fish ([@B3]; [@B79]; [@B77]), fermented meat ([@B60]), sake ([@B45]), pickles ([@B4]), grasses ([@B78]; [@B43]), mulberry silage ([@B2]), sweet paste ([@B53]), the traditional Chinese fermented vegetable Sichuan paocai, ([@B16]) and table olives ([@B68]). Moreover, *L. acidipiscis* has also been found in vinegar ([@B48]) and soy sauce, where it is considered to be a spoiler ([@B76]; [@B19]; [@B47]). *L. acidipiscis* ACA-DC 1533 was isolated from traditional Greek Kopanisti cheese and along with *Lactobacillus rennini* were the dominant microbiota of this cheese ([@B8]). Interestingly, both of them produced alcohols and carbonyl compounds most probably *via* amino acid catabolism that may contribute to the typical piquant flavors of Kopanisti cheese ([@B88]; [@B8]; [@B27]).

Phylogenetic analysis of *L. acidipiscis* places the bacterium in the *Lactobacillus salivarius* clade. The *L. salivarius* clade is the second largest group of lactobacilli with 27 recognized species following that of *Lactobacillus delbrueckii* (29 species; [@B65]). The *L. salivarius* clade consists mainly of commensal isolates and to a lesser degree of strains found in fermented foods ([@B23]). Several strains belonging to the clade exhibit putative probiotic traits ([@B59]). Therefore, comparative genomics among members of the *L. salivarius* clade may reveal important aspects, such as niche adaptation, technological potential, and probiotic properties ([@B33]; [@B67]; [@B74]). So far, there are eight genomes with fully sequenced chromosomes in the *L. salivarius* clade publicly available in the NCBI database, i.e., six from *L. salivarius* ([@B21]; [@B39]; [@B66]; [@B20]), one from *Lactobacillus ruminis* ([@B33]) and one from *L. acidipiscis* ([@B42]). Furthermore, *L. acidipiscis* JCM 10692^T^ and DSM 15836^T^ isolated from fermented fish as well as *L. acidipiscis* DSM 15353 and KCTC 13900 isolated from Halloumi cheese have been partially sequenced ([@B44]; [@B74]). In fact, strains JCM 10692^T^ and DSM 15836^T^ are replicas of the same strain^[2](#fn02){ref-type="fn"},[3](#fn03){ref-type="fn"}^ and the same applies for strains DSM 15353 and KCTC 13900^[4](#fn04){ref-type="fn"},[5](#fn05){ref-type="fn"}^ .

The genome sequence of *L. acidipiscis* ACA-DC 1533 has been published ([@B42]) and the current study aims to examine aspects of the evolution, physiology, metabolism and technological properties of the species according to the available *L. acidipiscis* genomes. Furthermore, we perform comparative genomics among the species with fully sequenced genomes in the *L. salivarius* clade to shed light to niche adaptation (host or food related, or both). Our analysis reveals technological properties of *L. acidipiscis* ACA-DC 1533 that may support the potential use of the isolate in food fermentations.

Materials and Methods {#s1}
=====================

Chromosome-Plasmid Sequences and Annotations
--------------------------------------------

Species/strains employed in phylogenetic analysis and comparative genomics are presented in **Supplementary Table [S1](#SM5){ref-type="supplementary-material"}**. All annotated sequences derived from RefSeq version 86 with the exception of plasmids pLAC2 and pLAC3 of *L. acidipiscis* ACA-DC 1533 that have not been included in RefSeq yet, so we used their GenBank/ENA versions ([@B42]). In the table we present all relevant information to aid the reader assess whether differences or similarities in gene content among strains analyzed may be influenced by differences in sequencing technologies and/or tools used for sequence assembly and annotation.

Phylogenetic Analysis
---------------------

A whole genome phylogenetic tree based on the core genes among representative strains of all species in the *L. salivarius* clade using *L. acidipiscis* ACA-DC 1533 as the reference genome was constructed with the EDGAR software ([@B12]). It should be noted that whenever available, sequences of type strains were preferred. Core gene sets were aligned using MUSCLE, the individual alignments were concatenated and the resulting genome alignment was used as input for the construction of the phylogenetic tree with the neighbor-joining method as implemented in the PHYLIP package. *Weissella kandleri* DSM 20593^T^ and *Lactobacillus delbrueckii* subsp. *bulgaricus* ATCC 11842^T^ were used as outgroups.

Comparative Genomic Analysis
----------------------------

To confirm the clonal relation among sequenced strains of *L. acidipiscis* as these are deduced from different databases, we used an ANI heat map as calculated with the EDGAR tool. The completeness of partial genome sequences of *L. acidipiscis* strains was assessed using the dBBQs ([@B85]). Preliminary evaluation of the presence of plasmids in the partially sequenced *L. acidipiscis* strains was performed with the r2cat tool ([@B38]), using as templates the three pLAC plasmid sequences of strain ACA-DC 1533. The circular map of *L. acidipiscis* ACA-DC 1533 was constructed by the DNAPlotter software ([@B17]). Pan/core-genome and singleton analysis were conducted with EDGAR. Comparison of the motility gene clusters among *L. acidipiscis* ACA-DC 1533 and KCTC 13900 as well as *Lactobacillus curvatus* NRIC 0822 was performed with the Easyfig comparison tool ([@B72]). The GenBank accession numbers for the motility operons of *L. acidipiscis* KCTC 13900 and *L. curvatus* NRIC 0822 are [KM886858](KM886858) and [KM886863](KM886863), respectively ([@B23]). The EggNOG server version 4.5 was used for COG annotation ([@B37]). COG frequency heat maps with double hierarchical clustering were generated using the RStudio and the package "gplots"^[6](#fn06){ref-type="fn"}^. GIs, ISs, putative prophages, CRISPRs, RM systems, TA systems and putative antimicrobial peptides were predicted using the IslandViewer 4 web-based resource ([@B11]), the ISsaga platform ([@B83]), the PHASTER web server ([@B6]), the CRISPRFinder web tool ([@B35]), the REBASE database ([@B70]), the TAfinder ([@B86]) and the BAGEL ([@B81]), respectively. The glycobiome profile was investigated using the dbCAN ([@B87]) against the CAZy database ([@B52]). Furthermore, transporters were determined using the TransportDB database ([@B29]). Pathways were assigned with the KEGG database ([@B41]). Regulatory proteins including TCSs, TFs, and ODPs were detected with the P2RP web server ([@B9]). Full-length chromosome alignments were created by progressiveMAUVE ([@B25]). Finally, the carbohydrate fermentation profile of *L. acidipiscis* ACA-DC 1533 was determined using API 50 CHL stripes (bioMérieux, Marcy-l'Etoile, France).

Results and Discussion
======================

Whole Genome Phylogeny of the *L. salivarius* Clade
---------------------------------------------------

The phylogenetic relationship among the species of the *L. salivarius* clade was determined based on whole genome sequences. Analysis with the EDGAR software revealed two major clusters containing 12 and 14 species, respectively (**Figure [1](#F1){ref-type="fig"}**). *L. acidipiscis* was grouped together with *Lactobacillus pobuzihii* in a cluster, which also included *L. salivarius*. The strains employed in the phylogenetic analysis of the *L. salivarius* clade exhibited a pan genome of 13,470 genes, while the core-genome consisted of 349 genes. Moreover, proteins of the species belonging to the *L. salivarius* clade were distributed into various COG functional categories with a relatively distinct profile for each species. Interestingly, hierarchical clustering of the COG frequency heat map (**Figure [2](#F2){ref-type="fig"}**) revealed two clusters, which were very similar to the two clusters mentioned above that were obtained in the whole genome phylogenetic tree (**Figure [1](#F1){ref-type="fig"}**). It should be noted that *L. acidipiscis* ACA-DC 1533 was placed separately from these two clusters most probably due to an increased percentage of genes in the replication, recombination and repair (L) COG category. This difference could arise from a higher number of transposases in the ACA-DC 1533 genome but the number of transposases in the partial genomes employed during this analysis may be severely skewed. Nevertheless, *L. acidipiscis* also exhibited a higher number of transposases when compared to the complete genome sequences of *L. salivarius* and *L. ruminis* (please see below). Both whole genome phylogeny and COG analysis can be influenced by the partial nature of some of the sequences employed as well as differences in pipelines used for genome assembly and annotation. However, the whole genome phylogenetic tree is similar in the overall topology to the 16S rRNA phylogenetic tree of the entire *Lactobacillus* genus published by [@B65] which is independent of genome completeness and annotation. The same applies when we compared our whole genome phylogenetic tree to the tree based on the concatenated amino acid sequences of 16 marker genes published by [@B74].

![Whole genome phylogenetic tree for representative species of the *L. salivarius* clade. The tree was calculated based on the core-genome and it is presented as a cladogram. Species were separated in two main groups, namely A and B, as depicted in the figure. *Weissella kandleri* DSM 20593^T^ and *Lactobacillus delbrueckii* subsp. *bulgaricus* ATCC 11842^T^ were used as outgroups.](fmicb-09-01244-g001){#F1}

![COG frequency heat map based on a two-dimensional hierarchical clustering. The horizontal axis shows the percentage frequency of proteins involved in each functional COG category and the vertical axis the representative strains of the species in the *L. salivarius* clade.](fmicb-09-01244-g002){#F2}

General Genomic Features of *L. acidipiscis* Strains
----------------------------------------------------

To date, there are five sequenced strains of *L. acidipiscis*, i.e., ACA-DC 1533, KCTC 13900, DSM 15353, JCM 10692^T^ and DSM 15836^T^. As mentioned above, strains KCTC 13900 and DSM 15353 as well as JCM 10692^T^ and DSM 15836^T^ are replicas. Since this is not always obvious in the respective literature ([@B44]; [@B74]), the relatedness among the two pairs of *L. acidipiscis* strains was also obtained by the ANI performed with EDGAR (**Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}**). Results obtained confirmed the clonal relationship among the strains. To evaluate the level of completeness between the *L. acidipiscis* genomes in each of the two pairs of replica strains, we used the genome quality scores from the dBBQs based on the sequence completeness, the tRNA and rRNA score, as well as the number of essential genes predicted in the genome sequence ([@B85]). According to these results, strains KCTC 13900 and JCM 10692^T^ were found to be more complete than strains DSM 15353 and DSM 15836^T^, respectively (**Supplementary Table [S2](#SM6){ref-type="supplementary-material"}**). For this reason, strains KCTC 13900 and JCM 10692^T^ were employed for further analysis.

The characteristics of the *L. acidipiscis* ACA-DC 1533 genome were described previously ([@B7]; [@B42]). The complete chromosomal sequence of the strain was recently re-annotated in RefSeq revealing a total of 2,455 genes including 2,199 protein-coding genes and 172 potential pseudogenes mostly due to frame shifting and internal stop codons (**Figure [3](#F3){ref-type="fig"}**). Among pseudogenes, hypothetical proteins and mobile elements, such as ISs and transposases, were the most common (**Supplementary Table [S3](#SM7){ref-type="supplementary-material"}**). The genome also includes six rRNA operons distributed throughout the genome and 63 tRNA genes with the majority located around the five rRNA operons (data not shown).

![Circular map of the *L. acidipiscis* ACA-DC 1533 chromosome. Labeling from the outside to the inside circle, each ring contains information of the chromosome: CDSs on the forward strand (red); CDSs on the reverse strand (blue); Putative pseudogenes (cyan); tRNA genes (green); rRNA genes (orange); GC content; GC skew.](fmicb-09-01244-g003){#F3}

The additional *L. acidipiscis* assemblies of strains JCM 10692^T^ and KCTC 13900 are fragmented and thus do not allow the determination of their accurate chromosomal size as well as the evaluation of their plasmid content. Nevertheless, in these assemblies we could detect plasmid sequences after analysis with the r2cat tool, using as templates the three pLAC plasmid sequences (data not shown). Strain ACA-DC 1533 exhibits 2,288 protein-coding genes versus 2,126 and 1,969 for the JCM 10692^T^ and KCTC 13900 strains, respectively. Analysis with EDGAR revealed that the pan-genome consists of 2,722 genes, with 1,569 and 411 genes belonging to the core- and the dispensable genomes, respectively (**Figure [4A](#F4){ref-type="fig"}** and **Supplementary Tables [S4A,B](#SM8){ref-type="supplementary-material"}**). Furthermore, the analysis revealed that singletons represented approximately the 18% of the pan-genome. Strain JCM 10692^T^ carries the highest number of singletons (*n* = 197) followed by strains ACA-DC 1533 (*n* = 157) and KCTC 13900 (*n* = 136) (**Supplementary Table [S4C](#SM8){ref-type="supplementary-material"}**). However, such differences may not be readily explained given the differences in completeness among these genomes. We would like to mention that the total number of genes for each strain presented in **Figure [4A](#F4){ref-type="fig"}** is somewhat lower than the total number of genes annotated for the strain. The missing genes are genes that are not part of the 3-genome or 2-genome cores, but also do not appear in the strictly calculated singletons as they have some second-best BLAST hits, or non-reciprocal-BLAST hits or in general show some similarity to other genes in the dataset that rules them out as singletons as calculated by the EDGAR tool. The distribution of proteins into the COG functional categories is shown in a heat map for the three *L. acidipiscis* strains (**Figure [4B](#F4){ref-type="fig"}**). Despite their differences in completeness, the three genomes present very similar percentages in each of the COG categories. There was only one exception in replication, recombination and repair (L) category in which strain ACA-DC 1533 appears to have 15.4% compared to 10.3% and 8.6% for strains JCM 10692^T^ and KCTC 13900, respectively. As mentioned above, this higher percentage of proteins in the L category for strain ACA-DC 1533 was also evident in the comparison of all species within the *L. salivarius* clade (**Figure [2](#F2){ref-type="fig"}**). This difference may again reflect the fragmented nature of *L. acidipiscis* JCM 10692^T^ and KCTC 13900 genome assemblies.

![CDS Venn diagram of the three *L. acidipiscis* strains. In the intersection of the three strains we present their total core-genome, in the intersection of each pair of strains we present the corresponding core-genome and finally we present the singleton of each strain all calculated with the EDGAR tool **(A)**. COG frequency heat map based on a two-dimensional hierarchical clustering. The horizontal axis shows the three *L. acidipiscis* strains, namely ACA-DC 1533, KCTC 13900 and JCM 10692^T^ and the vertical axis the percentage frequency of proteins involved in each functional COG category **(B)**.](fmicb-09-01244-g004){#F4}

COG functional classification of the singletons is shown in **Figure [5](#F5){ref-type="fig"}**. We could find singletons of the three strains distributed in all COG categories with the majority associated with replication, recombination and repair (L), cell wall/membrane/envelope biogenesis (M), carbohydrate transport and metabolism (G) and transcription (K). The high prevalence of proteins in the L COG category appears again, this time in all three strains, especially strains ACA-DC 1533 and KCTC 13900. Strain JCM 10692^T^ appears to have approximately half the singletons in the L COG category, but this may be an artifact deriving from its partial sequence. It is unclear whether genes involved in information storage and processing might have technological implications. It could be suggested though, that the efficiency of central cellular mechanisms like those of the L, M, and K COG categories may provide the strain/species with a competitive advantage in a complex ecosystem. On the contrary, carbohydrate transport and metabolism can have a direct impact on the diversity of ecological niches in which the bacterium can grow.

![Distribution of singletons in COG functional categories of the three *L. acidipiscis* strains.](fmicb-09-01244-g005){#F5}

*In Silico* Evaluation of Motility of *L. acidipiscis* Strains
--------------------------------------------------------------

From a microbial ecology point of view, motile species may have competitive benefits against non-motile species, regarding e.g., niche colonization and biofilm formation ([@B58]). Currently, 16 motile *Lactobacillus* species have been recognized in the entire genus, all belonging to the *L. salivarius* clade with the exception of *L. curvatus*, which is a member of the *Lactobacillus sakei* clade ([@B23]). Motility of *L. acidipiscis* has been recently described in strain KCTC 13900 revealing that the 54 proteins involved in flagellum regulation, synthesis, export and chemotaxis are organized in a single operon ([@B23]). Annotation of ACA-DC 1533 identified 51 motility genes (LAC1533_RS09635-RS09885) producing a functional flagellar apparatus as also observed by *in vivo* experiments (data not shown). Core-genome analysis revealed that the motility operon is also present in strain JCM 10692^T^ and flanked by the same genes (**Supplementary Table [S4B](#SM8){ref-type="supplementary-material"}**). As shown in **Figure [6](#F6){ref-type="fig"}**, alignment of the motility operons of *L. curvatus* NRIC 0822 and *L. acidipiscis* strains KCTC 13900 and ACA-DC 1533 revealed that they are conserved.

![Sequence alignment among the motility gene clusters of *L. curvatus* NRIC 0822, *L. acidipiscis* KCTC 13900 and *L. acidipiscis* ACA-DC 1533. Gray shading corresponds to the % identity of the nucleotide sequences.](fmicb-09-01244-g006){#F6}

GIs Found in *L. acidipiscis* Genomes
-------------------------------------

HGT is one of the main processes responsible for genome evolution. Genomic fragments acquired by HGT events are characterized as GIs and may have a direct impact on the genome plasticity ([@B40]). Here, we focused our analysis in the 13 GIs of the ACA-DC 1533 chromosome identified by the IslandViewer software tool (**Supplementary Figure [S2](#SM2){ref-type="supplementary-material"}**). Of note, GI 9 contains the genome's array of ribosomal proteins (**Supplementary Table [S5](#SM9){ref-type="supplementary-material"}**). This is most probably a false positive result, as genes encoding ribosomal proteins have differences in sequence composition compared to regular protein coding genes ([@B31]) and are thus detected wrongfully by IslandViewer as part of a GI. For this reason, GI 9 was excluded from further analysis. The remaining 12 putative GIs contain a total of 229 genes and the respective lengths ranging from 4,677 to 36,954 bp. Many of these genes are involved in carbohydrate, lipid and amino acid metabolism as well as in membrane transport systems. According to the pan-genome analysis, GIs 3, 7, and 8 are unique for strain ACA-DC 1533 while GIs 1, 4, and 6 are common in all three *L. acidipiscis* strains, indicating acquisition early in the evolution of the species. It is interesting to note that GI 5 is present in strains ACA-DC 1533 and JCM 10692^T^ but absent in KCTC 13900. Other GIs are shared among the *L. acidipiscis* strains to a variable degree (**Supplementary Table [S5](#SM9){ref-type="supplementary-material"}**).

Prophage Sequences, CRISPR-Cas Systems, RM Systems and TA Systems of *L. acidipiscis* Strains
---------------------------------------------------------------------------------------------

PHASTER allowed the identification of one intact (1,228,777-1,272,253 bp, from now on called phage 1) and two incomplete prophage regions (1,575,825-1,586,105 bp and 1,802,666-1,830,756 bp) in the ACA-DC 1533 chromosome. Phage 1 contains 53 CDSs, most of which encode hypothetical proteins (approximately 41.5%). Furthermore, phage tail proteins, capsid proteins and *attL*/*attR* sites flanking the prophage DNA were also identified. Phage 1 is related to several prophages most of which can be found in *Lactobacillus* genomes. Strain JCM 10692^T^ carries a phage region similar to phage 1 (from now on called phage 2) sharing 30 out of 53 proteins (**Supplementary Table [S6A](#SM10){ref-type="supplementary-material"}**). Furthermore, strain KCTC 13900 seems to have an intact prophage region (from now on called phage 3) of 40.8 Kbp length related also to *Lactobacillus* phages (**Supplementary Table [S6A](#SM10){ref-type="supplementary-material"}**).

Three CRISPR sequences (i.e., CRISPR1, 2, and 3) were only identified in strain KCTC 13900 (**Supplementary Table [S6B](#SM10){ref-type="supplementary-material"}**). BLASTN analysis of all the spacers identified in these three CRISPR-Cas systems showed that several of them, namely spacers 9, 11, 13, 14, 19, 20, and 21 in CRISPR 1 and spacers 5, 14 and 21 in CRISPR 2 had hits in the *Lactobacillus plantarum* virulent phage phiJL-1. Moreover, spacers 22 and 26 in CRISPR 2 had hits in *L. salivarius* plasmids. Since *L. salivarius* strains carrying such plasmids are related to the host environment, this may suggest that *L. acidipiscis* has occupied this niche as well. Most importantly, spacers 1, 3, 5, 6, and 7 in CRISPR 1 and spacer 35 in CRISPR 2 had hits against phage 1 and/or phage 2 genes. Spacers in CRISPRs can reveal aspects of the evolutionary history of their host ([@B63]). Thus, it could be hypothesized that strain KCTC 13900 has also been exposed to phage 1 or phage 2 but it was able to acquire immunity through its CRISPR-Cas systems. Our findings may indicate that phages 1 or 2 are abundant in the ecological niches occupied by different *L. acidipiscis* strains or that, despite the different origins of isolation, the three *L. acidipiscis* strains were present in the same ecological niche sometime in the past. Moreover, the presence of phages 1 and 2 in the ACA-DC 1533 and JCM 10692^T^ genomes, respectively, corroborates with the lack of CRISPR systems in the two strains. However, the presence of prophages in the genomes of *L. acidipiscis* strains may protect them from superinfection by other phages or plasmids ([@B13]).

Bacterial defense mechanisms against foreign DNA include RM and TA systems ([@B26]). Strain ACA-DC 1533 has a type I system that seems to be complete, as it contains the DNA-methyltransferase subunit M (LAC1533_RS04765), the specificity subunits S (LAC1533_RS04770) and R (LAC1533_RS04775), as well as a second type I system (LAC1533_RS01110-RS01130) possibly inactivated, since the restriction subunit R is a potential pseudogene (LAC1533_RS01130). According to the REBASE database, the strain also carries three putative type II RM systems (LAC1533_RS03065, LAC1533_RS05790 and LAC1533_RS08450-RS08455) and two type IV RM systems (LAC1533_RS02780 and LAC1533_RS04790) (**Supplementary Figure [S3](#SM3){ref-type="supplementary-material"}**). Plasmid pLAC3 also carries an *Ava*I RM system. Finally, we looked into TA systems. We concentrated our search on type II TA systems for which TAfinder prediction tool is available. In strain ACA-DC 1533 we found nine TA systems in the chromosome and one in the pLAC2 plasmid (**Supplementary Table [S7](#SM11){ref-type="supplementary-material"}**).

Comparative Genomics of *L. acidipiscis* Against *L. salivarius* and *L. ruminis*
---------------------------------------------------------------------------------

To further investigate the lifestyle and/or the technological traits of *L. acidipiscis* ACA-DC 1533, we performed comparative genomic analysis against *L. salivarius* UCC118 and *L. ruminis* ATCC 27782. *L. salivarius* UCC118 was chosen as the representative strain of the species since it is the first sequenced and presumably the best characterized strain of the clade ([@B36]). The comparison was performed initially at the chromosome level since the chromosomes of all three strains are completely sequenced. *L. salivarius* UCC118 was isolated from the human ileal-caecal region and comprises a chromosome of 1.8 Mbp and three plasmids, one of which is a megaplasmid of 242 Kbp ([@B21]). *L. ruminis* ATCC 27782 isolated from the bovine rumen has a chromosome size of 2.1 Mbp with no plasmids ([@B33]). As mention above, *L. acidipiscis* ACA-DC 1533 has a chromosome of 2.6 Mbp, which is the largest among the three species. *L*. *acidipiscis* ACA-DC 1533 and *L. ruminis* ATCC 27782 exhibited the highest number of potential pseudogenes, i.e., 7.3 and 9.0%, respectively in contrast to the 2.8% of *L. salivarius* UCC188. However, other complete *L. salivarius* chromosomes exhibit a variable percentage of potential pseudogenes, up to 6.6% (**Supplementary Table [S8](#SM12){ref-type="supplementary-material"}**). Taking this observation into account, it seems that pseudogenes may not be constant among strains of the same species and thus the existence of only one complete chromosomal sequence for *L. acidipiscis* and *L. ruminis* are not enough to comment about their overall genome decay at the species level. Nevertheless, *L*. *acidipiscis* ACA-DC 1533 and *L. ruminis* ATCC 27782 appear to have undergone genome decay to an extent that is relatively restricted, at least when compared to the genome decay of highly specialized dairy lactobacilli like *L. delbrueckii* subsp. *bulgaricus* ([@B80]).

Our analysis also revealed that the number of common proteins among the three species is 813, higher than that calculated for the entire *L. salivarius* clade as analyzed above (**Figure [7A](#F7){ref-type="fig"}** and **Supplementary Table [S9A](#SM13){ref-type="supplementary-material"}**). *L. acidipiscis* ACA-DC 1533 seems to carry the highest number of unique genes (*n* = 847) mostly encoding hypothetical proteins, transposases, ABC transporters, PEP-PTS and membrane transport proteins (**Supplementary Table [S9B](#SM13){ref-type="supplementary-material"}**). Similarly to **Figure [4A](#F4){ref-type="fig"}**, the total number of genes for each strain presented is somewhat lower than the total number of genes annotated for the strain since some genes cannot be assigned neither in the singletons nor in the 3-genome or 2-genome cores for the reason presented above. Furthermore, there is no extensive synteny among the three species as observed during full-length chromosome alignments created by progressiveMAUVE (**Supplementary Figure [S4](#SM4){ref-type="supplementary-material"}**). The analysis revealed a high number of LCBs with a quite short average length. Several studies based on comparative genomics among *Lactobacillus* species have established the genomic diversity of the *Lactobacillus* genus, which is higher compared to that of a typical bacterial family ([@B74]; [@B54]).

![CDS Venn diagram of *L. acidipiscis* ACA-DC 1533, *L. salivarius* UCC118 and *L. ruminis* ATCC 17782. In the intersection of the three strains we present their total core-genome, in the intersection of each pair of strains we present the corresponding core-genome and finally we present the singleton of each strain all calculated with the EDGAR tool **(A)**. COG frequency heat map clustered hierarchically in two dimensions. The vertical axis shows the three genomes. The horizontal axis shows the % frequency of proteins involved in each functional COG category **(B)**.](fmicb-09-01244-g007){#F7}

The distribution of proteins into the COG functional categories for the three species is shown in **Figure [7B](#F7){ref-type="fig"}**. As expected, *L. acidipiscis* ACA-DC 1533 chromosome contained more proteins compared to *L. salivarius* UCC118 and *L. ruminis* ATCC 27782 in the L COG category owing to an inflated number of transposases and reverse transcriptases. Inspection of each of the two categories of gene products revealed that they may contain in some instances identical paralogs, but this is not always the case. The biological reason behind this observation is not clear. However, considering that both *L*. *salivarius* UCC118 and *L. ruminis* ATCC 27782 chromosomes are completely sequenced and that both *L. acidipiscis* ACA-DC 1533 and *L. ruminis* ATCC 27782 are annotated with the same pipeline in RefSeq, the possibility that this difference is some type of artifact is rather unlikely. Another obvious difference was the absence of proteins in the cell motility (N) COG category from the *L*. *salivarius* UCC118 chromosome. In all other COG categories, the distribution of proteins was at a comparable level among the three strains.

We also compared plasmid sequences of *L. acidipiscis* ACA-DC 1533 and *L. salivarius* UCC118. It has been shown for the latter that important housekeeping genes may be carried in its plasmids ([@B36]). In the case of *L. acidipiscis* plasmids most of the proteins were hypothetical. Nevertheless, we were able to identify some genes encoding proteins that may be important for the physiology, metabolism and/or the technological properties of the strain. For example, we determined the presence of carbohydrate and ion transporters (**Supplementary Table [S10](#SM14){ref-type="supplementary-material"}**), putative carbohydrate metabolizing enzymes (please see below), and an arsenate reductase. In addition and as mentioned above, plasmids of *L. acidipiscis* ACA-DC 1533 carry an *Ava*I RM system and a type II TA system (**Supplementary Table [S7](#SM11){ref-type="supplementary-material"}**).

Glycobiome Analysis of *L. acidipiscis, L. salivarius*, and *L. ruminis*
------------------------------------------------------------------------

The glycobiomes of *L. acidipiscis* ACA-DC 1533, *L. salivarius* UCC118 and *L. ruminis* ATCC 27782 were investigated using dbCAN. According to the analysis, *L. acidipiscis* ACA-DC 1533 had the largest glycobiome with 85 enzymes involved in carbohydrate metabolism, followed by *L. salivarius* UCC118 and *L. ruminis* ATCC 27782 with 78 and 68 enzymes, respectively (**Supplementary Table [S11](#SM15){ref-type="supplementary-material"}**). Among the 85 enzymes, 37 were identified as GHs, 21 as GTs, 13 as CEs and 14 as CBMs. Compared to the 37 GHs of *L. acidipiscis* ACA-DC 1533, *L. salivarius* UCC118 and *L. ruminis* ATCC 27782 contained 27 and 26 GHs, respectively. Among the GH families identified in the *L. acidipiscis* ACA-DC 1533, *L. salivarius* UCC118 and *L. ruminis* ATCC 27782 genomes, GH 13 was the most pronounced containing mainly enzymes with plant substrate specificity ([@B24]). Indeed, the carbohydrate fermentation profile of *L. acidipiscis* ACA-DC 1533 using the API 50 CHL stripes (**Supplementary Table [S12](#SM16){ref-type="supplementary-material"}**) and *L. salivarius* UCC118 ([@B49]) showed that the two strains were able to ferment a number of carbohydrates of plant origin, i.e., L-arabinose, D-ribose, D-cellobiose, [D]{.smallcaps}-trehalose, [D]{.smallcaps}-glucose, [D]{.smallcaps}-fructose, [D]{.smallcaps}-mannitol, [D]{.smallcaps}-sorbitol, and [D]{.smallcaps}-saccharose. Furthermore, several GH families, namely GH 35, GH 38, GH 46, GH 70, and GH 76, were unique for the *L. acidipiscis* ACA-DC 1533 genome indicating that the bacterium presumably requires these enzymes in its ecological niche, which might be different to that of *L. salivarius* UCC118 and *L. ruminis* ATCC 27782. Interestingly, the presence of a beta-galactosidase (GH 35) and two 6-phospho-beta-galactosidase genes (GH 1) in the *L. acidipiscis* ACA-DC 1533 genome could probably be required for growth in milk. *L. acidipiscis* ACA-DC 1533 genome seems to contain also the highest number of CBM modules in family 50 compared to the *L. salivarius* UCC118 and *L. ruminis* ATCC 27782 genomes. CBM 50 modules are commonly found in bacterial lysins having a peptidoglycan binding function and a contribution to cell division ([@B84]). Similarly to what has been reported previously for *L. salivarius* UCC118 ([@B36]) and according to our analysis, part of the glycobiome of both *L. salivarius* and *L. acidipiscis* ACA-DC 1533 resides in their plasmids. Specifically for *L. acidipiscis*, we found two GT 4 in plasmid pLAC2. It seems plausible to state that diversity of the plasmid glycobiome in strains of *L. salivarius* is significantly more rich than that of *L. acidipiscis* perhaps due to the presence of the megaplasmid. Moreover, analysis using the TransportDB database identified 47 potential sugar specific PTS transport proteins in the *L. acidipiscis* ACA-DC 1533 genome (3 on pLAC2) and 25 and 16 potential PTS transport proteins for *L. salivarius* UCC118 and *L. ruminis* ATCC 27782 genomes, respectively (**Supplementary Table [S10](#SM14){ref-type="supplementary-material"}**).

Proteolytic System of *L. acidipiscis, L. salivarius*, and *L. ruminis*
-----------------------------------------------------------------------

The proteolytic system of lactic acid bacteria consists of cell-wall bound proteinases, which initiate the degradation of caseins, peptide and amino acid transport systems and a pool of intracellular peptidases, which further degrade the peptides to shorter peptides and free amino acids ([@B50]). The proteolytic system of the three *L. acidipiscis* strains, *L. salivarius* UCC118 and *L. ruminis* ATCC 27782 was investigated according to the scheme of Liu and co-workers ([@B50]) (**Supplementary Table [S13](#SM17){ref-type="supplementary-material"}**). The cell-wall bound proteinase (PrtP), the aminopeptidase A (PepA), the endopeptidases PepE/PepG and the proline peptidase PepL were missing from all strains. It is worth mentioning that PrtP gene is intact in plasmid pR1 of *L. salivarius* strain Ren ([@B73]). The rest of the peptidases were found in up to three copies per genome. Furthermore, *L. acidipiscis* ACA-DC 1533 and *L. ruminis* ATCC 27782 carried one oligopeptide ABC transport system (Opp), which was missing from the *L. salivarius* UCC118 genome. Interestingly, the Opp operon is present in *L. acidipiscis* ACA-DC 1533 and JCM 10692^T^ but absent in KCTC 13900. On the contrary, a di/tripeptide ABC transport system (Dpp) and a DtpT transporter of di- and tri-peptides were found in the three species (including all three *L. acidipiscis* strains). However, it is worth noting that the DppD protein of *L. acidipiscis* KCTC 13900 is a potential pseudogene inactivating the entire Dpp system which deserves further investigation. Moreover, *L. acidipiscis* ACA-DC 1533 chromosome seems to contain 17 amino acid ABC transport proteins, while *L. salivarius* UCC118 and *L. ruminis* ATCC 27782 chromosomes only 11 and 10, respectively. Even though the five *Lactobacillus* chromosomes and/or genomes carry a number of peptide and amino acid transporters as well as several intracellular peptidases, the absence of PrtP indicates that the strains may not directly hydrolyze large protein molecules, but they may take advantage of peptides and free amino acids already available in their ecological niche.

Miscellaneous Genomic Features Deriving From the Comparison Among *L. acidipiscis* ACA-DC 1533, *L. salivarius* UCC118, and *L. ruminis* ATCC 27782
---------------------------------------------------------------------------------------------------------------------------------------------------

We also focused our analysis to IS elements that may contribute in bacterial genome evolution, to transport proteins which allow the transport of the substances in and out of the cell, as well as to RPs that control gene expression.

IS elements of *L. salivarius* UCC118 and *L. ruminis* ATCC 27782 have been previously identified ([@B21]) but we have updated the analysis using the latest version of ISsaga and the most recent annotation files for the two strains. In the chromosomes of *L. acidipiscis* ACA-DC 1533, *L. salivarius* UCC118 and *L. ruminis* ATCC 27782, a total of 53, 10 and 30 IS elements were predicted with ISsaga, respectively (**Supplementary Table [S14](#SM18){ref-type="supplementary-material"}**). The higher number of IS elements in the chromosome of *L. acidipiscis* ACA-DC 1533 may suggest a higher potential for genome plasticity compared to the *L. salivarius* UCC118 and *L. ruminis* ATCC 27782 chromosome. The majority of IS elements in the *L. acidipiscis* ACA-DC 1533 chromosome belong to the ISL3 and IS982 families which were also previously identified in food related lactobacilli like *Lactobacillus delbrueckii* subsp. *bulgaricus* and *Lactobacillus helveticus*, respectively ([@B34]; [@B14]).

Furthermore, the *L. acidipiscis* ACA-DC 1533 genome contains 287 transport proteins compared to 240 and 238 of *L. salivarius* UCC118 and *L. ruminis* ATCC 27782 genomes, respectively. They mainly belong to the ABC superfamily and to the MFS (**Supplementary Table [S10](#SM14){ref-type="supplementary-material"}**). Additional analysis of the *L. acidipiscis* ACA-DC 1533 genome revealed 17 potential glycine/betaine transport proteins organized in at least five distinct genomic loci. The glycine/betaine transport system may be necessary to overcome osmotic stress since *L. acidipiscis* is a salt-tolerant species owning strains able to grow in the presence of even 12% NaCl (our unpublished results; [@B75]; [@B71]; [@B65]).

RPs include TCSs and TFs. TCSs are the most abundant phosphorylation-dependent signal transduction systems in prokaryotes and typically comprise a membrane-bound HK and a RR ([@B9]). On the other hand, TFs contain TRs, OCSs, RRs and SFs. Analysis of *L. acidipiscis* ACA-DC 1533 and *L. salivarius* UCC118 identified six HKs and seven RRs for both strains. Analysis of *L. ruminis* ATCC 27782 chromosome revealed seven HKs and 10 RRs. Furthermore, the *L. acidipiscis* ACA-DC 1533 chromosome contained the highest number of TFs among the three strains analyzed, including 68 TRs, 28 OCSs, five RRs, six SFs and 19 ODPs, most of which were unclassified (**Supplementary Table [S15](#SM19){ref-type="supplementary-material"}**). The higher number of TFs in the *L. acidipiscis* compared to the other two species may suggest a more intricate regulation of gene expression and perhaps an increased interaction with the environment.

Assessing the Probiotic and Technological Properties of *L. acidipiscis* ACA-DC 1533
------------------------------------------------------------------------------------

Initially, we investigated the probiotic potential of *L. acidipiscis* ACA-DC 1533 based on the available information for *L. salivarius* UCC118 which has been extensively studied as a probiotic strain ([@B59]). The *L. salivarius* UCC118 genome contains a bile-salt hydrolase ([@B21]) and two EPS clusters associated with the strain's probiotic activity ([@B36]). These traits were absent from the *L. acidipiscis* ACA-DC 1533 genome. In addition, proteins that may play a role in the interaction of *L. salivarius* UCC118 with the host, may include mucus-, collagen-, salivary agglutinin- and epithelial-binding proteins, as well as enterococcal surface proteins ([@B82]; [@B62]). All these proteins are sortase-dependent surface proteins which were either absent from the *L. acidipiscis* ACA-DC 1533 genome or were characterized as potential pseudogenes. The only exception identified was a fibrinogen/fibronectin-binding protein, similar to that of *L. salivarius* UCC118 ([@B22]) that was also present in the *L. acidipiscis* ACA-DC 1533 genome. Furthermore, analysis of the *L. acidipiscis* ACA-DC 1533 genome with the BAGEL tool did not predict any bacteriocin gene, in contrast to the *L. salivarius* UCC118 genome, which produces the two-component class II bacteriocin Abp118 ([@B32]). BAGEL also predicted in *L. acidipiscis* JCM 10692^T^ three potential structural genes coding for pediocin, sakacin P and carnocin like bacteriocins (the last being a potential pseudogene) and some accessory genes (e.g., immunity, transfer, and maturation) and further experimental testing for their production needs to be performed.

We then investigated aspects of the technological potential of *L. acidipiscis* ACA-DC 1533 taking into account that Asteri and co-workers showed that the major volatile/flavor metabolites produced by this strain when grown in RSM and MRS, were 3-methylbutanal, 3-methylbutanol, benzaldehyde and acetoin ([@B8]). The majority of the aforementioned metabolites produced by *L. acidipiscis* ACA-DC 1533 are degradation products of amino acids (**Figure [8](#F8){ref-type="fig"}**). In particular, benzaldehyde can be formed from two aromatic amino acids, namely phenylalanine and tyrosine, using an enzymatic and a non-enzymatic step ([@B61]; [@B30]). Moreover, 3-methylbutanal and 3-methylbutanol are catabolic products of the branched-chain amino acid leucine ([@B30]). The α-ketoacid decarboxylase and the alcohol dehydrogenase involved in the leucine catabolism pathway were found to be present in the three *L. acidipiscis* genomes but absent from *L. salivarius* UCC118 and *L. ruminis* ATCC 27782. On the contrary, aspartate aminotransferase, which catalyzes the transamination of phenylalanine and tyrosine, was present in all the *Lactobacillus* genomes analyzed. Many studies have been shown that the amino acid degradation products, especially those deriving from the branched-chain, aromatic and sulfur-containing amino acids, are regarded as significant flavor compounds in several cheese varieties ([@B5]; [@B51]; [@B1]). Furthermore, acetoin, which was produced by *L. acidipiscis* ACA-DC 1533, can be formed from pyruvate using two alternative pathways. Pyruvate, which derives from glycolysis, is converted into a-acetolactate by α-acetolactate synthase (LAC1533_RS03500). α-Acetolactate is then catabolized either to acetoin by α-acetolactate decarboxylase (LAC1533_RS03505) or to diacetyl in the presence of oxygen. Finally, diacetyl/acetoin dehydrogenase (LAC1533_RS01560) catalyzes the conversion of diacetyl to acetoin ([@B18]). It should be mentioned that diacetyl was not detected as a volatile metabolite of *L. acidipiscis* ACA-DC 1533 in the work of [@B8]. However, the presence of diacetyl/acetoin dehydrogenase in the ACA-DC 1533 genome could probably mean that by the time of sampling diacetyl was fully converted into acetoin. Given that *L. acidipiscis* ACA-DC 1533, along with *L. rennini*, were the only species found in Kopanisti cheese, the production of the above mentioned metabolites by *L. acidipiscis* ACA-DC 1533 *via* amino acid catabolism may contribute to the characteristic piquant flavor of Kopanisti cheese ([@B88]; [@B8]; [@B27]).

![Catabolic pathways of the aromatic amino acids phenylalanine and tyrosine for the production of benzaldehyde **(A)**. Catabolic pathway of the branched chain amino acid leucine for the production of 3-methylbutanol **(B)**. Diacetyl and acetoin synthesis from pyruvate **(C)**.](fmicb-09-01244-g008){#F8}

Conclusion
==========

The *L. salivarius* clade includes mainly commensal species and it has been suggested that several strains may have probiotic properties ([@B59]). In this study, we analyzed the available genomes of *L. acidipiscis*, a species within the *L. salivarius* clade that until today has mainly been isolated from fermented foods of dairy or other origin. We wanted to examine whether *L. acidipiscis* is also a commensal that is transferred to the ecosystem of fermented foods accidentally from the host. Furthermore, we wanted to investigate the probiotic and/or the technological potential of the species. We sequenced the genome of strain ACA-DC 1533, originally isolated from Kopanisti, a traditional spread-type cheese that is highly salted and particularly piquant ([@B42]). Our investigation suggested that *L. acidipiscis* has a relatively large genome compared to other species of the *L. salivarius* clade (at least those of *L. salivarius* and *L. ruminis*) with a relatively restricted percentage of pseudogenes. These findings along with the observation that *L. acidipiscis* possesses a high number of glycobiome enzymes may indicate an ability to occupy versatile environments and has not been evolved toward a specific ecological niche. Perhaps, adaptation to a nutrient-rich niche would have been more consistent with a smaller genome size, more typically like that of *L. salivarius*. Interestingly, *L. acidipiscis* strains ACA-DC 1533 and JCM 10692^T^ appear to be more related compared to strain KCTC 13900 based on the presence/absence distribution of a number of genetic traits like prophages and CRISPRs. *L. acidipiscis* ACA-DC 1533 does not seem to present any evident probiotic trait at the genomic level. Besides the absence of several genes that have been related to probiotic properties of *L. salivarius* UCC118 preliminary experiments with strain *L. acidipiscis* ACA-DC 1533 on human PBMCs did not reveal an increased interleucine-10/interleucine-12 ratio, indicative of a potential to stimulate a Treg response (our unpublished results). Some probiotic properties have been suggested for specific *L. acidipiscis* strains like an antiproliferative effect against Caco-2 cells ([@B77]) or the improvement of feed conversion efficiency in broiler chickens ([@B2]). Thus, further *in silico* and/or experimental assessment of the probiotic properties of *L. acidipiscis* may be required. In addition, *L. acidipiscis* is able to grow in the dairy environment since it can ferment lactose, it possesses a complete proteolytic system for the degradation of milk proteins (without carrying a cell-envelope proteinase) and it can produce volatile compounds during the catabolism of amino acids that may contribute to the flavor of the final product. Intriguingly, *L. acidipiscis* is also considered a spoiler in vinegar and soy sauce. For this reason, technological steps to prohibit its growth in certain fermented foods need to be devised. Further research is needed with different species of the *L. salivarius* clade like the newly sequenced *Lactobacillus agilis* to better appreciate the mechanisms underlining the adaptation to the host and/or the food environment. Sequencing of more strains/species would provide invaluable information about the ecology of this important clade within the *Lactobacillus* genus.
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Circular map of the *L. acidipiscis* ACA-DC 1533 chromosome as generated by IslandViewer 4. Highlighted regions correspond to GIs. GIs are colored within the circular map according to the prediction method used: GIs in orange were predicted with SIGI-HMM, GIs in blue with IslandPath-DIMOB and the integrated GIs are presented on the periphery in red. The black line plot corresponds to the GC content (%) of the chromosomal sequence.
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Circular map of the *L. acidipiscis* ACA-DC 1533 chromosome highlighting the predicted RM systems by the REBASE database. The symbols are color coded as indicated at the bottom of the figure.

###### 

Click here for additional data file.

###### 

Chromosome alignments among the *L. acidipiscis* ACA-DC 1533, *L. salivarius* UCC118 and *L. ruminis* ATCC 27782 strains generated by progressiveMAUVE. Locally collinear blocks (LCBs) of conserved sequences are presented by the same color (white corresponds to the strain-specific regions).
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General information of the strains analyzed in this study.
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Level of completeness among the four *L. acidipiscis* strains as calculated by dBBQs.
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Pseudogenes identified in the *L. acidipiscis* ACA-DC 1533 chromosome.
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**(A)** Pan-genome analysis among the three *L. acidipiscis* strains calculated with the EDGAR software. **(B)** Core-genome among the three *L. acidipiscis* strains calculated with the EDGAR software. **(C)** Singletons of the three *L. acidipiscis* strains calculated with the EDGAR software.
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Genes within genomic islands of *L. acidipiscis* ACA-DC 1533. Common genes within the rest of *L. acidipiscis* strains were predicted from the pan-genome analysis with the EDGAR software.
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**(A)** Prophage regions identified in the three *L. acidipiscis* strains using the PHASTER software. **(B)** CRISPR systems identified in the *L. acidipiscis* KCTC 13900 genome using the CRISPRFinder tool.

###### 

Click here for additional data file.

###### 

TA systems predicted in the chromosome and pLAC2 plasmid of *L. acidipiscis* ACA-DC 1533 genome.
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Percentage of potential pseudogenes identified in the chromosomes of the completed sequenced genomes of *L. salivarius* clade.
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**(A)** Core-genome among the *L. acidipiscis* ACA-DC 1533, *L. salivarius* UCC118 and *L. ruminis* ATCC 27782 chromosomes as calculated with the EDGAR software. **(B)** Singletons among the *L. acidipiscis* ACA-DC 1533, *L. salivarius* UCC118 and *L. ruminis* ATCC 27782 chromosomes as calculated with the EDGAR software.
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Transporters of *L. acidipiscis* ACA-DC 1533 chromosome and pLAC2 plasmid identified by TransportDB.
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Putative enzymes involved in carbohydrate metabolism of *L. acidipiscis* ACA-DC 1533, *L. salivarius* UCC118, and *L. ruminis* ATCC 27782 chromosomes.
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Acid production by *L. acidipiscis* ACA-DC 1533 using API 50CHL stripes.
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The proteolytic system of *L. acidipiscis, L. salivarius*, and *L. ruminis* chromosomes and/or genomes.
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Insertion sequences (ISs) identified among the *L. acidipiscis* ACA-DC 1533, *L. salivarius* UCC118, and *L. ruminis* ATCC 27782 chromosomes using the ISsaga platform.
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Regulatory proteins identified in the chromosomes of *L. acidipiscis* ACA-DC 1533, *L. salivarius* UCC118, and *L. ruminis* ATCC 27782 using P2RP web server.
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